We have carried out this work to clarify the possible mechanisms of two important high-energy particle events (GLE69 2005 January 20, 06:46 UT and GLE70 2006 December 13, 02:45 UT). For this purpose, the cosmic-ray intensities registered by neutron monitors at several sites have been analyzed and studied with concurrent solar flares of different energy bands. To determine whether the ground-level enhancement (GLE) might be caused by the energy released from a solar flare or a CME-driven shock, we identify the particle injection time in terms of the lowest value of the spectral indices deduced from proton fluxes. If the GLE is caused by the energy released from particle acceleration in a solar flare, the intensive phase of the flare representing extreme emission should lie within the injection time. While fulfilling this criterion, it is further necessary to understand the possible relativistic energy computed in terms of the possible travel time deduced by employing the observational time lag between the GLE and the concurrent solar flare. Accordingly, we have found that GLE69 is procured with sufficient possible relativistic energy (∼1.619 GeV) by the energy released from particle accelerations in the intensive phases of a solar flare components that have been corroborated by the injection time. The intensive phases of the flare components have also been justified with the prominent phases of a solar radio type III burst. For event GLE70, the particle injection time lies within the CME-driven shock justified by a solar radio type II burst which seems to be capable of procuring sufficient possible relativistic energies (∼1.231 to ∼2.017 GeV). It is also noted that any fractional amount of energy (∼0.226 to ∼0.694 GeV) from preceding flare components might be considered as a contribution to the shock acceleration process. Thus, GLE70 is presumably caused by the sum of the energy released mostly from a CME-driven shock and partially from preceding flare components.
INTRODUCTION
Ground-level enhancements (GLEs) are very high energetic particle events ( 1 GeV) that appear conspicuously in the cosmic-ray intensity time-series profile as sudden, sharp and short-lived increases registered by neutron monitors (NMs) at different sites on the surface of the Earth. The intensity of the same GLE varies with respect to the geographical coordinates of the sites of the NMs and arrival direction of the particle. Characteristically, GLEs are the relativistic extension of solar energetic particle (SEP) events that behave distinctly differently from the general trend of cosmic rays, and can take place across any part of the profile irrespective of the solar maximum and minimum phases. Details can be studied in several papers (Cliver et al. 1982; Vashenyuk et al. 1993 Vashenyuk et al. , 2003 Reames 1999; Bieber et al. 2004 Bieber et al. , 2008 Simnett & Roelof 2005; Martirosyan & Chilingarian 2005; Perez-Peraza et al. 2006; Bombardieri et al. 2008; Firoz et al. 2010) .
Causal features of GLE events have been illustrated theoretically as well as observationally by many space researchers in the past (e.g., Kahler 1994; Klein et al. 1999; Gopalswamy et al. 2005; Cliver 2006; Wang & Wang 2006; Kuznetsov et al. 2006; Simnett 2006 Simnett , 2007 Kocharov et al. 2007; Moraal et al. 2008; McCracken & Beer 2008; Grechnev et al. 2008; Chupp & Ryan 2009; Masson et al. 2009; Matthiä et al. 2009; Reames 2009a Reames , 2009b Wang 2009; Vashenyuk et al. 2011 ). Most of these researchers commonly indicated that solar flare and coronal mass ejections (CMEs) are the principal drivers of a GLE. On this subject, Firoz et al. (2010) postulated characteristics of GLE-associated solar flares and CMEs, which revealed that GLEs are usually associated with wider high-speed CMEs and strong solar flares but the association does not clearly imply that these characteristics are responsible for GLEs. Thus, this study was extended with other parameters (solar, geophysical/interplanetary) which revealed that the time integration between a GLE and a simultaneous solar flare should be taken into consideration to understand the mechanism causing a GLE (Firoz et al. 2011a) . This led to a study (Firoz et al. 2011b ) on the time lag and cross-correlation between a GLE and a simultaneous solar flare. Although cross-correlation computations exposed strong correlations between the two, Firoz et al. still could not conclude that the strong correlations imply a causal relationship. In this circumstance, we focused explicitly on studying possible sources of energy for the GLE particles thereby proposing a paradigm (Firoz et al. 2011c ) that was consistent with the suggestions of Aschwanden (2011) .
The proposed paradigm determined possible relativistic energy in terms of the travel time of the particle deduced by employing the observational time lag between the peaks of the GLE and the concurrent flare. The criterion was that the observational time lag should be 5 minutes because the time difference between the measurements of solar flare intensity at the geostationary orbit and the GLE ( 1 GeV) particle intensity on Earth's surface is supposed to be 5 minutes. This criterion was consistent with the deduction of the velocity of the particle, which must be less than the velocity of light. Results suggested that GLE69 showed possible relativistic energy 1 GeV while GLE70 1 GeV. Therefore, our present effort is to set up criteria that can justify whether a GLE is caused by the energy released from particle acceleration in a solar flare or a CME-driven shock. Toward that aim, we study concurrent solar radio bursts, chromospheric evaporation, and magnetic topology to gain a better understanding of particle accelerations in solar flares. Then we verify cross-correlations and corresponding time lags between the GLEs and flares. Finally, we deduce possible relativistic energies of the GLEs that can be justified by the injection criteria.
This study is based on a previous study (Firoz et al. 2011c ) considering the same two events (GLE69, 2005 January 20, 06:46 UT and GLE70, 2006 December 13, 02:45 UT) . This time we utilize the data for GLEs from several NMs and also discuss reasons for the variability.
DATA ANALYSIS
The Neutron Monitor Database (NMDB) 4 center (Klein et al. 2010; Mavromichalaki et al. 2011 ) holds 5 minute resolution data of cosmic-ray intensity (CRI) collected from different NMs at different sites around the world. For our two selected events (GLE69, 2005 January 20, 06:46 UT and GLE70, 2006 December 13, 02:45 UT), we have taken the pressure-corrected count rates (CRI) for the GLEs from the NMDB. The CRI varies due to latitudinal differences at different sites (see Figure 1 and Table 1 ), so we have studied the mean intensity as a reference intensity profile with low-energy proton fluxes to visualize the general trend. The profile has been composed with the concurrent hard X-ray (HXR) and soft X-ray (SXR) fluxes (Figure 2) . The 1 minute resolution data of HXR utilized in the previous study (Firoz et al. 2011c ) have been averaged into 5 minute resolution data for this study. Five-minute resolution data from the SXR and proton fluxes have been collected from NOAA's GOES 5 (e.g., Aschwanden & Freeland 2012) . The wavelengths of the flare components in different energy bands (keV) have been estimated (Table 2) by means of the usual Planck equation (λ = hc/E, in which λ is wavelength, h is Planck's constant, and c is the velocity of light).
Over a few energy bands during GLE70, time lag between the flare peak and GLE onset is not >5 minutes and consequently the velocity of the particle is greater than the velocity of light, which is unphysical. As a result, the possible relativistic energy cannot be deduced (marked as "NA" in Table 2 ). As an alternative, we have checked the travel time deduced by means of the time lag between onset of the flare and onset of the GLE depending on the argument that the HXR onset time is concomitant with the onset of a radio emission burst.
To fix the particle injection time, we consider the lowest value of the proton spectral indices. For this, a power-law spectrum (e.g., Li et al. 2009 ) has been applied. The power-law spectrum f (E) ∝ E −γ defines the spectral index as
where E is the particle energy level, f (E) is the function of energy for the time history of each energy level, and γ is the spectral index. We have used the proton fluxes for energy levels (E) > 10 MeV, >30 MeV, >50 MeV, and >100 MeV, and the time history data (f (E)) for each of those energy levels. Similarly, the power-law spectrum (Equation (1)) has also been exploited for electron fluxes (EPAM; 6 e.g., Cane et al. 2010) to identify the most prominent phase of the solar radio type III burst to better understand the extreme emission phase of the flare (Figure 3) • from the spacecraft spin axis). Instruments on RHESSI 7 providing the HXR data and WAVES 8 on the Wind 8 spacecraft supplying the solar radio bursts have been illustrated in our previous study (Firoz et al. 2011c) . To examine spatial evolutions, we have studied flare images from TRACE 9 (e.g., Moon et al. 2004) . Because of the unavailability of the data from TRACE for GLE70, we have used the data recorded by SOT/WB on Hinode 10 (e.g., Moon et al. 2007 ) for this GLE.
OBSERVATION AND DISCUSSION

Variation in the Intensity of a High-energy Particle Event
NMs register the intensities of cosmic rays (high-energy particles) having different cutoff rigidities that depend on the particle trajectory in the magnetosphere-the cosmic-ray particles undergo trajectories through interactions with magnetospheric fields and conserve energies in each step of the trajectory before registering on Earth, and the intensities of the particles vary depending on how many steps they encounter (e.g., Kudela & Usoskin 2004; Firoz 2006) . Thus, the more the particle undergoes trajectory within the magnetosphere, the greater the amount of energy conserved and the more the cutoff rigidity and subsequently, the less the intensity of the particle. We can see (Table 1 and Figure 1 ) that the Lomnickýštít (LMKS), having the highest cutoff rigidity, registered the lowest CRI whereas the OULU, having a lower cutoff rigidity, registered higher CRI.
Because of the asymptotic shape of Earth's magnetosphere, any tiny variation in CRI may also occur depending on different pitch angles (e.g., Miroshnichenko 2001; Perez-Peraza et al. 2008) , and a small shift in time of the GLE peak at different NMs may take place. Thus, we can see (Table 1 and Figure 1 ) that the peak time of GLE69 varies between 07:00 (UT) and 07:06 (UT), while the peak time of GLE70 varies between 03:00 (UT) and 03:12 (UT). For both events (GLE69 and GLE70), Yakutsk (YKTK) has a much later peak time than the other NMs-for GLE69, the peak time (07:00 UT) at OULU was 6 minutes earlier than the peak time (07:06 UT) at YKTK while for GLE70 the peak time (03:00 UT) at LMKS was 12 minutes earlier than the peak time (03:12 UT) at YKTK (see Figure 1 and Table 1 ). So, considering the transport effect (e.g., Schlickeiser & Miller 1998) , the mean of the intensities of cosmic rays denotes a reference intensity profile with a peak time at 07:04 UT for GLE69 and 03:05 UT for GLE70. This reference profile can be represented as high-energy proton (HEP) flux (GeV) at the Notes. Altitude (m), latitude ( • ), longitude ( • ) and cutoff rigidity (GV) of the neutron monitors LomnickýŠtít (LMKS), Moscow (MOSC), Kiel (KIEL), Yakutsk (YKTK), Kerguelen (KERG), Oulu (OULU), and Apatity (APTY) are noted. The start, onset, and peak times of the two important ground-level enhancement events (GLE69 and GLE70) are also noted to comprehend the latitudinal impact. (The criteria of fixed start and onset timings have been defined in Firoz et al. 2011c .) The mean value (I r %) can be determined by considering the transport effect. (The peak intensity of GLE69 is about three times that of GLE70. This issue is consistent with the total radiation exposed by the proton fluence (Firoz et al. 2010) as well as the strength of the flares (Firoz et al. 2011b ) and concomitant solar microwave/radio emission bursts (discussed in this paper).) Notes. The table contains high-energy particle events (GLE69 and GLE70 over the mean intensity) and concurrent solar flare components of different energy bands (keV) with corresponding wavelengths (Å) for hard X-rays (HXRs) and soft X-rays (SXRs). The observational time lag (dT fpgo ) between flare peak and GLE onset has been exploited to determine the travel time (T p ) of the GLE particle and, consequently, the possible velocity along the spiral magnetic field line paths following the model of the previous work (Firoz et al. 2011c ). The HXR and SXR flare components noted here have been displayed in Figure 2 , which paves an opportunity to look into the temporal association between thermal and nonthermal emissions. For a few energy bands during GLE70, the time lag between flare peak and GLE onset is not >5 minutes and consequently the velocity of the GLE70 particle is more than the light velocity that is superfluous, and as a result the possible relativistic energy cannot be deduced (marked by "NA"). So, alternatively we have checked the travel time deduced by the observational time lag (dT fogo ) between flare onset and GLE onset. (Table 1) , for the two events (GLE69 and GLE70) (top panel). The mean strength of the I r (%) of 5 minute resolution cosmic-ray intensity (CRI) is also shown (bottom panel) to comprehend the general trend. The increase rate (%) is over the pre-event background and deduced by following the process given in Firoz et al. (2011b) .
(A color version of this figure is available in the online journal.)
surface of the Earth with low-energy proton (LEP) flux (MeV) at the geostationary orbit to determine the temporal association between them (see Figure 2 ).
Particle Acceleration in Solar Flares and CME-driven Shocks during the Events 3.2.1. LEP and HEP Trends during Particle Acceleration
The trend of LEP (MeV) with HEP (GeV) during GLE69 differs from the trend during GLE70. The LEP fluxes have a strong impulsive phase nearly concurrent with the onset of GLE69 and then a gradual phase continues through the end of the event whereas for GLE70 the LEP fluxes have a weak impulsive rise that evolves very slowly (i.e., gradual-mixed-impulsive) followed by a continuous gradual phase. The gradual-mixed-impulsive phases of LEP fluxes for GLE70 can be called hybrid phases. This kind of event is supposed to consist of a mixture of flare-accelerated and CMEdriven shock-accelerated particle populations (e.g., Kallenrode et al. 1992; Cliver 1996; Kocharov & Torsti 2002) . However, for both events, during particle injection time, the LEP fluxes have growth phases (characterized by either an impulsive or hybrid phase) followed by gradual phases.
The most intensive phase of the LEP fluxes coincides with the lowest value of spectral indices (see Figure 2) . It is found that the lowest value (γ = 0.259) of spectral indices during GLE70 is almost two times the lowest value (γ = 0.141) of spectral indices during GLE69. This gives a clear indication that the lower the spectral index, the stronger the particle injection and consequently, the stronger the GLE.
Injection Time during Particle Acceleration
The most intensive phases of the proton fluxes are inversely proportional to the lowest value of the spectral indices that can be considered as the particle injection time. In principle, the injection time should lie within the time when the energy releases from particle accelerations in a solar flare or CMEdriven shock. Naturally, the particle injection time does not lie along the intensive phase of a flare and a shock wave at the same time (see Figure 2) . We believe the GLE occurs with respect to Table 2 ). The dotted lines parallel to the y-axis indicate the particle injection time identified in terms of the lowest value of the spectral indices. Durations of type III and type II bursts are considered in accordance with Figure 3. (A color version of this figure is available in the online journal.) the acceleration process (flare or CME-driven shock) within which the injection time lies.
If the intensive phases of flare components exist within the injection time, it is reasonable to argue that the energy released from the flares might cause the GLE. This is evident in Figure 2 (a) for GLE69. It should further be checked whether any of those flare components accumulates possible relativistic energy 1 GeV. If the flare procures enough relativistic energy but particle injection time lies within the CME-driven shock wave, it is unclear whether the energy released from the flare can cause the GLE. In this case, we consider that the energy released from the particle acceleration in the CME-driven shock wave causes the GLE. This is evident in Figure 2 (b) for GLE70.
Phases of the Flare and CME-driven Shock during Particle Acceleration
As the shock approached, the magnitude of spectral indices became lower than the magnitude during the CME appearing time (Figure 2) . Although, during both events, the first appearances of the CME were observed across a higher value of spectral indices, there was a good time difference between the first appearance of the CME and onset of the shock (Firoz et al. 2011b (Firoz et al. , 2011c . This can be realized with the first appearance of the CME (pointed in Figure 2 ) and shocks considered preferably in terms of a type II burst ( Figure 3 ). As seen from the figure, a mild CME-driven shock started well after the peak in GLE69 (Figure 3(a) ) and consequently, the energy released from the shock could not dominate the impulsive phase of GLE69. The coincidence of the solar flare with the phase of the lowest value of spectral indices revealed that the energy released from the particle acceleration in a solar flare has the greatest probability of causing GLE69 (Figure 2) . With a similar point of view on GLE70, we see that the particle injection occurred much later (∼30 minutes) than the flare emission peaks. In this case, the particle injection coincides with the radio type II burst, so the energy released from the particle acceleration in a CMEdriven shock has a possible chance of causing GLE70.
Scenario of Relativistic Electrons during Particle Acceleration
Electrons originating from flare sites are usually characterized in radio emission bursts and the most prominent phase of the type III burst coincides with the extreme emission phase of HXRs. So, HXR flares and concurrent radio emission observations are essential parameters for investigating the electron acceleration in flares (e.g., Kallenrode 1993; Mann, Classen & Aurass 1995; Wang et al. 2003; Klein et al. 2011) .
We have exploited the lowest spectral index of the electron fluxes to identify the most prominent phase of type III burst ( Figure 3) . As found during GLE69, the spectral index (0.917) of electron fluxes is lower than the spectral index (1.221) of electron fluxes during GLE70, indicating that the injection of electron beams into the interplanetary space during GLE69 was much stronger than during GLE70. The result is consistent with the evidence that the type III burst during GLE69 is proportionally much wider/and more prominent than during GLE70. After the impulsive phase of electron fluxes, there seems to be more than one episode of fluctuations in electron fluxes that are concurrent with a radio type II burst. These episodes designate weak precipitations of (likely thermal) electrons traced by a weak radio emission burst (see Figure 3) . During GLE69 the intensive phase of the type III burst underwent longer fast drift from high to low frequencies, occurred singularly, and ended with a smooth continuum lowfrequency type V burst (Figure 3(a) ). The most prominent phase coincides with the intensive phases of HXR flares, implying that the energy released from a high-energy flare might have caused GLE69. For GLE70, although similar characteristics of electron fluxes are observed, the most prominent phase of the type III burst is much (∼25 minutes) earlier than the intensive phase of the GLE (see Figures 2(b) and 3(b) ). In fact, there is mild type II burst across the onset that became prominent over the intensive phase of GLE70, indicating that the energy released from a CME-driven shock possibly caused GLE70.
During GLE70 the intensive phase of the type III burst underwent multiple shorter fast frequency drift. There might have been a sort of harmonic plasma emission-well before the GLE70 peak time, the first harmonic phase (∼1050 kHz) almost ended at the lowest frequency and the second harmonic phase (∼800 kHz) ended at the lowest frequency. Although there seems to have been a third harmonic phase, it ended within the initial phase of a type V burst (Figure 3(b) ) that extended over the CME-driven shock.
Chromospheric Evaporation during Particle Acceleration
HXRs are widely believed to be nonthermal emission produced by high-energy electrons precipitating into the chromosphere. The thermalization of precipitating nonthermal emission leads to the formation of hot dense plasma that evaporates into the corona to form loops that emit at SXR wavelengths. More clearly, accelerated electrons generate HXRs and the continued flows of the (decelerated) electrons heat the plasma that subsequently generates the SXRs. (This is why peaks of HXR fluxes are usually earlier than those of the SXR fluxes; see Figure 2 .) The heated plasma then expands outward along the flare loops thereby resulting in chromospheric evaporation (e.g., Gan et al. 1991; Warren & Antiochos 2004; Kumar et al. 2010) .
Accordingly, the chromospheric evaporation might be the consequence of the interaction between thermal and nonthermal emissions (e.g., Figure 6 ). This means that the time difference between extreme emission phases of SXR and HXR fluxes can be considered as the duration of chromospheric evaporation, and that the later the SXR is compared to the HXR, the longer the chromospheric evaporation or, in other words, the longer the flaring loop, the longer the chromospheric evaporation (e.g., Aschwanden et al. 1995 Aschwanden et al. , 1998 Li & Gan 2006) . Thus, we can surmise from the results presented in Figure 4 that the GLE69-associated flare has longer chromospheric evaporation than that of the GLE70-associated flare, indicating that the GLE69-associated flare has faster magnetic reconnection in the corona than the GLE70-associated flare.
Magnetic Configuration during the Particle Acceleration Processes
The GLE69-associated flare (X7.1) has a relatively simple magnetic configuration (βδ/βγ ), originating from the northwest active region (N14W61), and situated near the Sun-Earth Figure 4 . Histograms of observational time lags between peaks of hard X-ray (HXR) and longer wavelength (XL) soft X-ray (SXR) flares that occurred during the two specific events (GLE69 and GLE70). The temporal time difference between SXR and HXR flares is considered as the duration of chromospheric evaporation (see Figure 6 ). More details on chromospheric evaporation can be found in Li & Gan (2006) . (A color version of this figure is available in the online journal.) connecting magnetic field lines (Firoz et al. 2011b ). This flare is produced with two ribbons (Figure 5(a) ) undergoing a fast magnetic reconnection at a lower coronal altitude (Figure 6(a) ). By comparison, the GLE70-associated flare (X3.4) has a complex magnetic configuration (βγ δ/βγ δ), originating from the southwest active region (S06W23) of the Sun and situated about 40
• away from the Sun-Earth connecting magnetic field lines (Firoz et al. 2011b ). This flare also has two ribbons ( Figure 5(b) ) undergoing slower magnetic reconnection at a higher coronal altitude (Figure 6(b) ). These findings are in line with those of a few researchers (Kocharov & Kovaltsov 1986; Cane 2002; Kocharov & Torsti 2002) who suggested that the prompt event and delayed event might originate from low and high coronal altitudes, respectively. As observed (Figure 6 ), the reconnected field lines form flare loops with a cusp-shaped structure. The upward outflow generated from the reconnection site excites the flux ropes, causing filament eruption that subsequently ejects mass from the corona. The speed of the mass ejection depends on how much the filament is excited and on the loss of equilibrium due to the upward flow whose strength crucially depends on the position of the reconnection site across the corona. Accordingly, we can see (Figure 6(a) ) that the downward outflow heavily precipitated the loops and flare emissions might escape through open field lines; the upward outflow from lower altitude becomes weak at higher altitude and the filament is weakly excited, so it causes slow ejection of coronal mass (882 km s −1 ). In contrast, we can see (Figure 6(b) ) that the downward outflow has weak precipitations (presumably one portion of the precipitated emissions escaped along the open field lines and the other portion was trapped beneath the CME) while the upward outflow from higher altitude heavily excites the filament, causing fast ejection of coronal mass (1774 km s −1 ).
Cross-correlation between GLEs and Concurrent Solar Flares
Observationally (comparing Figure 2 with Figure 1 for all selected sites), the peak of GLE69 is more closely time-integrated (10-20 minutes) with extreme emissions of concurrent solar flares while the peak of GLE70 is not closely time-integrated (25-140 minutes) with extreme emissions of concurrent solar flares. This is an indication that the flare emission might be much more effective for GLE69 than for GLE70. This statement is also compatible with the evidence that the particle injection time coincides within the extreme emissions of flares Firoz et al. 2010 .) Details about the magnetic field line structures can be studied in several papers (Perez-Peraza et al. 1991; Moon et al. 1999; Asai et al. 2006; Li et al. 2007; Gan, Li & Miroshnichenko 2008; Aschwanden 2008) . (A color version of this figure is available in the online journal.) during GLE69 whereas during GLE70 the injection time is much (∼30 minutes) later than the extreme emissions of the flares (see Figure 2) . So, the time corresponding to the highest correlation between GLE70 and a flare may reasonably be much longer than the time corresponding to the highest correlation between a flare and GLE69. (One component 800 keV of the flares may be effective for GLE70 as it is more closely time-integrated.) Since the magnetic field reconnection time is supposed to be within the span of extreme emission from a flare and the prominent phase of a type III burst, we can theoretically look into the temporal cross-correlation and corresponding time lag to understand the role of flare emission in producing the GeV particles of the GLE event.
Following the cross-correlation method employed in the past studies (Firoz et al. 2011b (Firoz et al. , 2011c , we have checked the temporal correlations of GLE69 and GLE70 with concurrent HXR and SXR fluxes (Figure 2 ). In most of the cases, we have found strong correlations. The correlations found are in the range of 0.80-0.99 for both events except for a few cases-for LMKS, the correlation between GLE69 and 25 keV HXR is 0.684, and similarly for APTY, MOSC, and KIEL the correlations between GLE70 and 25 keV HXR are 0.795, 0.775, and 0.764, respectively. The reference intensity of GLE69 and GLE70 maintained the best correlations 0.89-0.99 (except for 300 keV HXR with GLE70), when the statistical time lags (dT s ) for GLE69 are between 40-95 minutes and for GLE70 between 40-145 minutes. For the reference intensity, the observational time lags (dT o ) between peaks of GLE69 and simultaneous flare components are 15-20 minutes while for GLE70 they are within the range of 30-40 minutes. These data are presented in Figure 7 .
Possible Relativistic Energy of the GLE Particles
Following the model employed in our previous work (Firoz et al. 2011c ), we have deduced the possible relativistic energies of GLE69 and GLE70. The travel time of the GLE particle is deduced in terms of the observational time lag between flare peak and GLE onset. Our previous work exploited the time lag between the GLE peak and flare peak, and similarly we also check possible relativistic energy for all selected sites.
For NM at Oulu, the possible relativistic energy showed up almost the same as before (see Firoz et al. 2011c ), but for other NMs, the possible relativistic energy is 1 GeV. Investigation of the reference intensity also showed possible relativistic energy 1 GeV. This motivated us to look into the possible relativistic energy by using the time lag between the flare peak and GLE onset (see Table 2 ). As found, there are two possibilities for GLE69: energy from HXR (12-25 keV) and/or SXR (1.55-12.42 keV) might have been ∼1.619 GeV.
For GLE70, using the time lag between the flare peak and GLE onset, we have not found enough relativistic energy 1 GeV (see Table 2 ). So, we have checked the possible relativistic energy in terms of the time lag between the flare onset and GLE onset (presuming that the flare onset may by chance The dT s is the time lag for cross-correlation and it is considered at the point where the highest correlation between GLEs and HXR fluxes is detected. dT o is the observational time difference between peaks of GLEs and HXR fluxes. An illustration of the cross-correlation method has been given in Firoz et al. (2011b Firoz et al. ( , 2011c . (A color version of this figure is available in the online journal.) cause GLE onset). In this case, only the γ -ray flares 800 keV procured possible relativistic energy ∼1.433 GeV. (According to RHESSI, 7 the HXR 500 keV can be considered 11 as γ -ray). The CME-driven shock from the type II burst that started at 02:30 UT seems to have been spontaneous from 02:45 and became prominent within 02:50-03:00 UT (Figure 3(b) ), and the time delay between the GLE70 peak and the CME-driven shock is observationally within 5-15 minutes. Thus, we see that the shock wave might enable particle acceleration over a wide range of heliolongitude (e.g., Cane 2002) . So, if we consider the energy released from the particle acceleration across the shock, we can accept the possible relativistic energy 1 GeV in terms of any of these observational time lags (5-15 minutes). For instance, with the time lags (11 minutes and 12 minutes) between the CME-driven shock and the GLE70 peak, the possible relativistic energies are ∼1.231 and ∼2.017 GeV. That means the possibility of GLE70 being caused by the energy released from particle acceleration in the CMEdriven shock can be accepted while any fractional amount of energy ∼0.226 to ∼0.694 GeV (Table 2 ) from preceding flare components might be considered as a contribution to the shock acceleration process.
11 Private Communication with Dr. Kim Tolbert of RHESSI in 2011.
GENERAL DISCUSSION
Earlier, Firoz et al. (2011a) concluded that CME-driven shocks may modulate cosmic rays either directly or inversely, indicating that the energy released from a CME-driven shock may sometimes cause a sudden enhancement in cosmic-ray intensity (i.e., GLE). Another view of Cliver et al. (1982) noted by Perez-Peraza et al. (2009) is that the onset of a type II burst is the marker of relativistic proton acceleration, i.e., a shock wave may yield relativistic SEP. In this context, it can be noted that a CME that is not associated with a type II radio burst might not produce relativistic SEPs (Kocharov & Torsti 2002) . This indicates that a CME-driven shock might be able to produce relativistic SEPs. All these statements are consistent with our findings. However, the suggestions of a few researchers (e.g., Vashenyuk et al. 2009; Miroshnichenko et al. 2009 ) pointed out by Kahler (2012) indicated that a CME-driven shock contributes only non-relativistic SEPs, so that both prompt and delayed/ extended phases are attributed to flare processes. This statement contradicts GLE70 in view of the injection criteria.
Although we have found a possibility for relativistic energy >1 GeV in the case of a high-energy flare 800 keV, this does not satisfy the criteria of particle injection time. Hence, we argue that the energy released from particle acceleration in a CMEdriven shock is mostly responsible for GLE70 while a fractional amount of the energy released from preceding flare components can be considered as a contribution to the shock acceleration. This means that no unique acceleration process (either shock or flare alone) seems to be responsible for GLE70 (e.g., Masson et al. 2009 ).
SUMMARY AND CONCLUSION
In this study, we have interpreted the possible mechanisms of two GLE events (GLE69 and GLE70). We showed general trends of the two GLE events with simultaneous proton fluxes and flare components of different energy bands. Then we identified the particle injection time in terms of the lowest value of spectral indices deduced from proton fluxes. To understand the particle acceleration in solar flares and/or in CME-driven shocks, we studied exclusively the concurrent solar radio bursts and corresponding electron fluxes. For a better understanding of the concurrent solar flares, we presented chromospheric evaporation, flare ribbon structure, and magnetic field reconnection.
For the interpretation of the two GLE events we used the following criteria.
1. If the particles are injected from the solar flare site, the particle injection time should coincide with the impulsive phase of flares as observed in soft and hard X-rays. 2. If type III solar radio bursts occur during the impulsive phase of a solar flare, relativistic particles with energies 1 GeV may also be produced that could in turn produce GLE events. 3. If the injection time coincides with the start of a type II radio burst, it is possible that a CME-driven shock wave produces relativistic particles with energies 1 GeV. 4. If the flare procures enough relativistic energy but the injection time lies within the CME-driven shock wave, it is uncertain whether the energy released from the flare can cause the GLE. In this case, one can compute the possible relativistic energy for each energy band to check whether any fractional amount of energy might have been contributed to the shock acceleration.
Satisfying the criteria mentioned above, the key results are as follows.
a. For GLE69, the energy released from particle acceleration in a flare procured sufficient possible relativistic energy (∼1.619 GeV). b. For GLE70, the energy released from particle acceleration in a shock wave procured sufficient possible relativistic energy (∼1.231 to ∼2.017 GeV) while any fractional amount of energy (∼0.226 to ∼0.694 GeV) from preceding flare components might be considered as a contribution to the shock acceleration process.
Thus, we can conclude that GLE69 was most likely produced by the energy released from a solar flare while GLE70 was likely produced by the sum of the energy released mostly from a CMEdriven shock and partially from preceding flare components.
